Abstract -We present a programmable ultra low DC current source (ULCS), developed at TÜBİTAK UME, from 1 fA up to 100 pA with 100 aA resolution. The principle of the device is based on applying a ramp voltage on standard capacitors with values between 1 pF and 1000 pF. The standard capacitors are kept in a temperature controlled box. The device is fully automated with computer control and can be used to generate any currents with 100 aA resolution in its range.
I. INTRODUCTION
Generation of DC low currents is of great interest in the calibration of DC low current meters. Current sources based on high value resistors are not suitable for generating currents lower than pA level because of resistor instability and temperature dependence. To accomplish current sources in the sub-picoampere levels, capacitor charging method is used [1] , [2] . In this method a linear voltage ramp is applied on a capacitor to obtain stable DC low currents. This paper describes the characteristics of developed ULCS in details.
II. RAMP VOLTAGE GENERATOR
We used a NI-USB 4431 DAQ card capable of supplying ±3.3 V to generate a ramp voltage. The DAQ card was programmed in a manner to produce any ramp voltages with slopes between 1 mV/s and 100 mV/s with 0.1 mV/s resolution. Its sample rates were optimized to give the best stability performance. Ramp voltage in one period is programmed in such a way that it is held at minimum voltage value first, ramped up to maximum voltage value then, held at maximum voltage value and ramped down to minimum voltage level at the end to eliminate the offset currents in the current measurement devices.
Characterization of DAQ card was performed with a calibrated Agilent 3458A multimeter using an external time base of 1 s. Short time stability of the time base is less than 0.2 ppm/hour and annual drift is less than 2 ppm/year. The multimeter is programmed to perform measurements using external trigger function.
Characterization measurements of ramp voltages were performed periodically in decade steps. The ramp voltages which are not decade value were estimated using linear fit equations for two different ranges of 1-10 mV/s and 10-100 mV/s. The linear fit equation uncertainties are less than 20 µV/V. 10 mV/s ramp voltage behavior is shown in Fig. 1 as an example. Standard deviation of the 10 mV/s ramp voltage is about 30 µV/V. The fluctuations seen in Fig. 1 usually occur after the device has been turned off for long holiday periods. 
III. STANDARD CAPACITORS UNIT

A. Standard Capacitors
There are 4 pieces of Agilent 16380 type standard air capacitors in the device. These standard capacitors have temperature coefficients about 30-40 ppm/°C. To eliminate the temperature effect, we made a temperature controlled aluminum box with flexible heaters mounted on its inner walls. This box is called as inner box and all four standard capacitors were placed into it. This inner box was placed into another aluminum box called as outer box. Inner and outer aluminum boxes were isolated from each other to maintain thermal isolation and stability.
Capacitance measurements were performed with an AH2500A capacitance bridge at 1 kHz frequency. Measurement results of 10 pF capacitor are given as an example in Fig. 2 . All other capacitor values show similar drift as in Fig. 2 . Standard deviation of fluctuations for 10 pF standard capacitor is nearly 10 µF/F.
B. Temperature Control Unit
We have used an analog PI electronic control circuit to keep the temperature of the capacitor standards around 35 °C. We used a NTC sensor which was characterized before for measurement of temperature. Temperature stability of the standard capacitors is better than 5 mK/day. Reproducibility of the temperature of temperature controlled box is better than 30 mK even though when the device stays powered off for long time periods.
C. Relay Card
We designed a relay card for automatic selection of capacitors. The design does not affect the loss factor of the capacitors except 1 pF capacitor. For 1 pF value the loss factor is 10 times worse when used with relay card. Since 1 pF is used only for currents lower than 10 fA, this situation has small effect on the current value in comparison with other uncertainty parameters.
IV. ULTRA LOW DC CURRENT SOURCE (ULCS)
ULCS device enclosure shown in Fig. 3 was manufactured to fit directly 19″ rack systems. Device is fully computer controlled via USB connection.
Connections are at the rear panel of the device. There are Current Output, Ramp Voltage Output, External Time Base Output and Temperature Output. All these outputs are BNC type connectors except Temperature Output which is 4 pin LEMO connector. We have performed measurements with Keithley 6430 electrometer to compare our ULCS performance. We defined the noise level of the measurement device and compared with the ULCS measurement results.
We measured the offset current of Keithley 6430 electrometer by connecting a cap to the input connector of it. Offset current measurements standard deviation was found about 0.05 fA for 1 hour. We measured our ULCS with Keithley 6430 electrometer for nearly 1 hour at 95 fA current. Standard deviations of the ULCS measurements with Keithley 6430 were about 0.06 fA. These results show that the stability of our ULCS is satisfactory. Further investigations for other current levels will be performed also.
Main uncertainty components for ULCS current source are as follows: ramp voltage measurement uncertainty, ramp voltage stability, capacitance measurement uncertainty, capacitor frequency dependence and time base drifts. Preliminary results show that uncertainties are approximately 2.5 mA/A and 0.1 mA/A at currents of 1 fA and 100 pA respectively. Further evaluations will be performed on uncertainty budget.
VI. CONCLUSION
We have developed an ultra low DC current source (ULCS) in the range of 1 fA-100 pA with ultra low resolution of 100 aA. The device is suitable for the low current measurement applications such as optical detector characterizations, night vision systems and medical instrumentation systems.
Further investigations will be performed on stability of ramp voltage generation and on loss factor improvement of 1 pF capacitance value. Besides, uncertainty components will be improved and evaluated in details.
